The mechanical properties of steels can be significantly improved by alloying with Si. However, Si in dual phase steel retarded the alloy reaction in hot-dip galvanizing and galvannealing; specifically, a continuous Fe-Zn alloy layer was absent on the steel containing 0.44 wt% Si after 25 s of galvannealing at 500°C. This retardation may be due to the Si-rich molten Zn layer, in which the Si resulted from the aluminothermic reduction of Si oxide and the dissolution from the steel substrate.
Introduction
In order to reduce the vehicle weight and guaranty the safety, advance high strength steels (AHSS), such as dual phase steel (DP), transformation-induced plasticity steel, and martensite steel, have been developing. Compared to the conventional high strength steel, which is generally strengthened by solid solution, precipitation, and grain refining, the AHSS is mainly reinforced by designing the microstructure such as martensite. 1) Si is the most critical alloy element in designing the ideal microstructure of the AHSS, which can promote ferritic transformation and is the most effective solid-solution hardening element.
2) Moreover, Si is an ideal candidate to prevent the formation of cementite during the austempering period. [3] [4] [5] Consequently, the addition of Si in steel improves the ductility of the AHSS at a given strength level. 6) Si is thus an indispensable element for the AHSS. However, dramatic changes of the reactivity between Si-containing steels and molten zinc have been commonly seen in batch type hot-dip galvanizing (GI) samples. [7] [8] [9] For example, as the Si content of steels is below 0.07 wt% (so-called hypo-Sandelin steel), the early formation of the ζ phase is not impeded. As the Si content is approximately 0.07 wt% (so called Sandelin steel), a liquid phase is formed between the ζ phase and the steel substrate where a Si-rich region is built up, and increases the total coating thickness. When the Si content exceeds 0.07 wt% (so called hyper-Sandelin steel), the ζ phase is disparted with FeSi and δ phases. [8] [9] [10] Moreover, Yasui et al. employed a laboratory hot-dip galvanizing simulator to study the effect of remnant oxides on the rate of galvannealing (GA) reaction on Si-containing steel sheets, and found that the factor of delayed GA reaction cannot be concluded only by the remnant oxides. 11) They proposed that the Si may occupy the vacancies in the Fe-Al compounds or be dissolved in the δ phase, which, in turn, suppressed the diffusion of Al in Fe2Al5 and hindered the diffusion of Fe and Zn in the δ phase, respectively. 11) Both can delay the GA reaction rate of the Si-containing steels.
This study aims at obtaining better understanding about how the Si in steels influences the alloy reaction of DP steels during galvannealing. It was found that 0.44 wt% Si in the DP steel markedly reduced the GA reaction when hotdip galvanized and galvannealed in a hot-dip simulator with operating parameters comparable to those for industrial implementations. Moreover, the Si-rich layer built up at the interface can play an important role in the retardation of the GA reaction.
Material and Methods
In order to study the Si effect on the formation of Fe-Zn alloys during continuous hot-dip GI and GA, four coldrolled DP steels with different amounts of Si were hot-dip galvanized by the hot-dip simulator of China Steel Corporation, Kaoshuing, Taiwan. The composition of the steels employed for this study is shown in Table 1 , and the details of the hot dipping process can be found in our previous study, of which the Al content in the Zn bath was 0.12 wt%.
12) The samples studied included a GI specimen and a A VG Thermo K-Alpha X-ray photoelectron spectroscope (XPS) with an Al Kα monochromatic X-ray source was employed to study the depth profile of the steel after recrystallization annealing but prior to hot dipping. The Avantage 4.16 software was employed to identify the characteristic peaks. A LECO GDS-750 QDP glow discharge optical emission spectroscope (GDOES) was employed to study the depth profiles of the GI and GA specimens, because the stripping rate of the XPS is relatively low. Moreover, the GI and GA coatings were chemically stripped in 7 wt% of HCl solution to measure the Fe and Si contents of the coating using the inductively coupled plasma mass spectrometry (ICP-MS).
To study the microstructure of the GI and GA coatings on the various Si-containing steel sheets, two slices of 10 × 3 mm specimens were firstly glued face-to-face by the Mbond epoxy and cured on a hot plate at 90°C for 40 min. Cross-sectional slices were then cut by a low-speed diamond saw. The slice was mechanically ground using emery paper up to 2 500 grade, followed by polishing with diamond paste down to 0.5 μm. The etching solution followed the recipe of Kilpatrick, 13) in which the etching was conducted for approximately 3 s for GI specimens and 6 s for GA specimens. The various Fe-Zn phases are shown up with different colors [12] [13] [14] [15] including the ζ phase in light blue (right beneath the pure Zn), the δ phase in a brown color, the Γ1 in light blue (darker than ζ phase), and the Γ in dark gray. The chemically etched specimen was observed using a Nikon Microphot-FXA optical microscope. The composition of the distinct features in the coating was thoroughly analyzed using a JEOL JXA-8200 Electron Probe X-Ray Microanalyzer (EPMA) at 15 kV and 5 × 10 -8 A. Figure 1 shows the XPS depth profiles of the steels after recrystallization annealing. The atomic percentage of Si and Mn decreased along the depth into the steel, whereas that of Cr was relatively uniform. This suggests that external oxidation of Si and Mn occurs during recrystallization annealing. 16, 17) In contrast, Cr undergoes unobvious external oxidation. Based on the dilute solution condition of the steels used in the present study, the Gibbs formation energy (ΔG′) of Cr2O3 was calculated as -517.6 kJ/mol, which is higher than SiO2 and MnO at 1 073 K (-576.0 kJ/mol and -579.1 kJ/mol, respectively). [18] [19] [20] [21] Hence, the oxidation of Cr can be restrained under the situation of finite O2 partial pressure. The ΔG 0 for the Raoultain standard and the saturated vapor pressures (PO 2 ), as well as that under the condition of the dilute solution (ΔG′, PO′ 2 ) are listed in Table 2 . The content of the external Si oxides was obtained by the integral area of the XPS depth profile using the sputtered rate of 0.217 nm/s for Si as the reference. The Si content of the external oxide layer was calculated to be 2.53 at%, 5.17 at%, and 6.45 at%, for DP03, DP12, and DP44 steels, respectively. As a result, an increase in the Si content of the steel substrate results in more Si oxides on the surface of DP steels. In addition to the external selective oxidation that have been proposed as a retardant factor on the formation of a compete Fe-Zn IMCs layer, 17, 22, 23) the built-up Si at the steel/molten Zn interface has been shown to perturb the thermodynamic equilibrium of the Fe-Zn IMCs and influence the formation and thickness uniformity of the Zn coating in batch type galvanized steel. 24 ,25) Figure 2 shows the cross-sectional optical micrographs of color chemically etched GI and GA specimens. Some FeZn IMCs presented at the interface and no bare spots were observed on all the GI specimens, implying that external oxidation of Si and Mn hardly influences the wettability and galvanizability. A sufficient reaction between the Zn coating and the steel substrate was further evidenced in specimens DP00 and DP03, in which a continuous Fe-Zn IMCs layer composed of δ, Γ1, and Γ phases was formed after GA reaction for 5 s, as shown in Figs. 2(a) and 2(b) . However, for DP12 steel with 0.12 wt% Si, the formation of complete FeZn IMCs was retarded after 0 s of GA treatment, but took place after 5 s of GA treatment (Fig. 2(c) ). In contrast, the Fe-Zn IMCs were still in a discontinuous morphology for the DP44 steel containing 0.44 wt% Si after 25 s of GA treatment, as shown in Fig. 2(d) . As a result, the Si in the steel substrate apparently retards the alloy reaction during GA treatment although it does not affect the galvanizability during hot dipping. Figure 2(e) shows the cross-sectional SEM morphologies of DP44-GA 25 s, in which the EDS identified the Fe-Zn IMCs. Figure 3 shows the GDOES depth profiles of specimen DP12. Oxygen signal showed a slight hump at the interface between the steel substrate and the coating for specimens DP12-GI and DP12-GA 0 s, suggesting that some remnant oxides are present at the interface after hot dipping and during very early stages of GA. However, the hump disappeared when the GA treatment was prolonged to 5 s. This suggests that the aluminothermic reduction still proceeds during GA reaction and reduced Si can be built up at the interface. Although the remnant oxides were reduced by the aluminothermic reduction, which unveiled the steel surface to react with molten Zn, the Fe-Zn IMCs in specimen DP12-GA 0 s and a series of DP44 specimens were still discontinuous. The remnant oxides are thus not the only factor to retard the formation of a continuous Fe-Zn IMCs layer. Our previous study has shown that the possibility of the retardation effect by the remnant oxides is almost negligible because Fe-Zn IMCs are present in the GI coating.
Results and Discussion
12) The continued aluminothermic reduction reaction further suggests that the interaction between the coating/steel substrate has not been blocked during GA treatment. Ranganathan and McDermid found that the ζ phase is formed around the 11) This indicates that the remnant oxides do not fully block the interaction between the steel substrate and molten Zn. Therefore, in addition to the presence of remnant oxides, other factors should be considered to account for the absence of a continuous Fe-Zn IMCs layer in specimen DP44 after 25 s of GA treatment.
The Fe and Si contents in the coatings of the DP44-series specimens were measured by the ICP-MS. The Fe content of specimen DP44-GA 25 s was approximately 2 wt%, which is well below the average Fe content (typically 10-12 wt%) of commercial GA coatings that are commonly galvannealed at conditions of 500-550°C for 20-25 s. 14, [28] [29] [30] The Si content of the GI coating was about 5.28 at%, which results from the aluminothermic reduction of Si oxides and the dissolution from the steel substrate. Moreover, the Si content of the coating rose to approximately 6.77 at% after 25 s of GA treatment, which is slightly higher than the Si content (6.45 at%) of the oxides on the surface of DP44 steel prior to hot-dip galvanizing. The thickness of the surface oxide layer is approximately 20 nm, as estimated from the XPS depth profile (Fig. 1) . The thickness of the GA coating is around 10 μ m, as shown in Fig. 2(d) . Therefore, the dissolution of Si from the steel substrate markedly contributes to the Si in the Zn coating of specimen DP44-GA 25 s. This continued dissolution of Si from the steel substrate during the GA reaction also implies that the interaction between the coating and the steel substrate is not blocked. The GA treatment following hot-dip galvanizing is generally employed to form a Fe-Zn alloy coating composed of ζ, δ, Γ 1 and Γ phases through Fe-Zn interdiffusion. Diffusion of a couple proceeds down the chemical potential gradient of the diffusion species. In the present study, the chemical potential gradient of Fe and Zn governs the alloy reaction and can provide the basis to explain the fact that the Fe-Zn interdiffusion is markedly retarded on the steel containing 0.44 wt% Si. Su et al. and 31) Tang et al. 24) calculated the FeZn-Si ternary phase diagram at 450°C and experimentally verified the phase boundaries associated with the various Fe-Zn phases. It was found that the solubility of Fe in liquid Zn decreases significantly with increasing the Si concentration in the liquid, as shown in Fig. 5 of Ref. 32 ). In the present study, the Si reduced from its oxides and dissolved from the steel substrate is accumulated at the interface between the steel substrate and the liquid Zn, resulting in a Si-rich liquid Zn layer. This layer effectively retards the dissolution of Fe into liquid Zn due to the limited Fe solubility in Sicontaining liquid Zn. Consequently, the Fe content of the coating is far less than that of the commercial GA coating after a GA treatment comparable to the industrial implementations.
The solubility of Si in the ζ phase is almost vanished. 7, 10, 12, 24) According to the nucleation mechanism, there are two possible routes to nucleate the ζ phase in the coating. First, the ζ phase can nucleate and grow at the area without or with lower Si contents.
12) Second, the ζ phase nucleates with Si as solute elements at the beginning and the Si is rejected later to the molten Zn during the growth stage, ISIJ International, Vol. 54 (2014), No. 10 as described by Tang. 24) As a result, the concentration of Si around the ζ phase becomes higher, which is unfavourable for the formation of a continuous ζ phase in the GA coating.
These nucleation routes explain the results that the alloy reaction during GA treatment is retarded to a larger extent with increasing Si contents in the steel substrate, as shown in Fig. 2 .
Conclusion
The presence of remnant oxides is not the main factor to suppress and delay the formation of a continuous Fe-Zn IMCs layer on DP steels. Conversely, the complete development of a continuous Fe-Zn IMCs layer is strongly influenced by the Si content of the DP steel. Figure 4(a) illustrates that there is no retardation in the reaction between the molten Zn layer and the steels with lower Si contents (≦ 0.12 wt%) because the built up Si content at the interface is not sufficient to restrain the diffusion of Fe to the molten Zn layer. Therefore, Fe-Zn interdiffusion proceeds, leading to the formation of Fe-Zn IMCs. For the steel with higher Si contents, for example 0.44 wt%, a fair amount of Si resulting from the dissolution from the steel substrate and the aluminothermic reduction accumulates at the interface in the coating, as illustrated in Fig. 4(b) . The Si dissolved in molten Zn determines the nucleation mechanism of the ζ phase. Both mechanisms mentioned above indicate the formation of a complete ζ layer becomes difficult with increasing Si contents in the steels. Moreover, an increase in the Si concentration in liquid Zn also restrains the dissolution of Fe to the molten Zn. As a result, the formation of the various Fe-Zn IMC phases is retarded. In the continuous hot-dip galvanizing process, a continuous Fe-Zn IMCs layer is formed in the coating on the steel containing 0.03 wt% Si. As the Si content is increased to 0.12 wt%, the retardation in the alloy reaction can be overcome by prolonging the GA treatment to exceed 5 s. However, even though the GA reaction is extended to 25 s, the Fe content in the coating is still not enough to form a continuous Fe-Zn IMCs layer on the steel containing 0.44 wt% Si.
